The saliva of blood-feeding parasites is a rich source of peptidase inhibitors that help to overcome the host's defence during host-parasite interactions. Using proteomic analysis, the cystatin OmC2 was demonstrated in the saliva of the soft tick Ornithodoros moubata, an important disease vector transmitting African swine fever virus and the spirochaete Borrelia duttoni. A structural, biochemical and biological characterization of this peptidase inhibitor was undertaken in the present study. Recombinant OmC2 was screened against a panel of physiologically relevant peptidases and was found to be an effective broad-specificity inhibitor of cysteine cathepsins, including endopeptidases (cathepsins L and S) and exopeptidases (cathepsins B, C and H). The crystal structure of OmC2 was determined at a resolution of 2.45 Å (1 Å = 0.1 nm) and was used to describe the structure-inhibitory activity relationship. The biological impact of OmC2 was demonstrated both in vitro and in vivo. OmC2 affected the function of antigen-presenting mouse dendritic cells by reducing the production of the pro-inflammatory cytokines tumour necrosis factor α and interleukin-12, and proliferation of antigen-specific CD4
+ T-cells. This suggests that OmC2 may suppress the host's adaptive immune response. Immunization of mice with OmC2 significantly suppressed the survival of O. moubata in infestation experiments. We conclude that OmC2 is a promising target for the development of a novel anti-tick vaccine to control O. moubata populations and combat the spread of associated diseases.
INTRODUCTION
Ticks (Ixodida) are blood-feeding parasites that transmit many pathogens of medical and veterinary importance. The order Ixodida has two main families, the Ixodidae (hard ticks) and Argasidae (soft ticks), which differ in many aspects of their biology. In the hard ticks, the adult female engorges only once (for several days), lays a batch of eggs and then dies. In the soft ticks, the female lays a batch of eggs after each feeding episode, which takes minutes, and typically repeats the cycle several times. The soft tick Ornithodoros moubata is widely distributed throughout drier parts of south and east Africa. It is an important disease vector, since it transmits the spirochaete Borrelia duttoni, causing African tick-borne relapsing fever in humans, and African swine fever virus, which causes a highly lethal haemorrhagic disease of domestic swine [1, 2] .
Successful feeding of ticks depends on a cocktail of salivary proteins with antihaemostatic, anti-inflammatory and immunomodulatory properties that are injected into the host [3] . The tick feeding site, which is highly modified by these pharmacologically active molecules, is the place where transmission of tick-borne pathogens occurs (for a recent review, see [4] ). Much of the current vector-host research focuses on the discovery of novel components of tick saliva and on the description of their physiological functions, as this may aid the development of vaccines to control tick populations and the diseases they transmit. Moreover, compounds of tick saliva have clear therapeutic potential, which have, in some cases, been evaluated in animal models [5] .
The saliva of ticks and other blood-feeding parasites contains a wide variety of peptidase inhibitors belonging to several structural families. Inhibitors from the cystatin family are small proteins that interact with and block the active site of cysteine peptidases. Cystatins are found in all living organisms and regulate various biological processes, including the immune response (for a review, see [6] ). They have been shown to play an important role in parasite-host interactions. Immunomodulatory effects were ascribed to cystatins of parasitic nematodes, e.g. Onchocerca volvulus [7] , which inhibit antigen processing associated with MHC II antigen presentation. Such interference reduces the proliferation of human peripheral-blood mononuclear cells stimulated with a specific antigen [8] .
Cystatins were found in the transcriptome of the salivary glands (sialome) of several hard tick species [9, 10] . Silencing of a cystatin gene in the hard tick Amblyomma americanum by means of RNA interference significantly reduced the tick's ability to feed successfully [11] . Two salivary cystatins (sialostatins L and L2) have been characterized in the hard tick Ixodes scapularis [12] . They displayed high affinity for cathepsins L and S, which are cysteine peptidases that play an important role in the processing of antigens by DCs (dendritic cells). Subsequent studies showed that maturation of DCs is significantly impaired in the presence of sialostatin L [13] , and that vaccination against sialostatin L2 can lead to decreased feeding success of I. scapularis [14] .
In the present study, we focused on OmC2, a cystatin expressed in the salivary glands of the soft tick O. moubata [15] . First, we showed that OmC2 is secreted by the glands to form part of the saliva, using a proteomic approach. Secondly, we determined the crystal structure of OmC2, providing a structural basis for understanding its inhibitory specificity. Thirdly, we demonstrated the immunomodulatory effect of OmC2 on antigenpresenting cells, and evaluated the protein's vaccine potential using an animal model.
EXPERIMENTAL

Animals
C57BL/6 and C3H/HeN female mice were from Charles River Laboratories, and transgenic female mice OT-II were from the Jackson Laboratory. Mice aged 7-8 weeks were used. Animals were housed at 22
• C and a relative humidity of 65 %. Experimental procedures complied with the rules of the European Union and institutional guidelines on the use of experimental animals. O. moubata ticks were maintained in an established laboratory colony at the Institute of Parasitology,České Budějovice, Czech Republic, using natural feeding on mice.
Tick saliva preparation
Saliva was obtained from fasting O. moubata females after injecting 1 μl of a 1% solution of pilocarpine hydrochloride in PBS into their genital pores. After stimulation, saliva was collected from the mouthpart using capillary tubes and stored at − 80
• C.
MS proteomic analysis
LC (liquid chromatography)-MS/MS analysis was performed on a hybrid mass spectrometer (LTQ Orbitrap XL; Thermo Fisher Scientific) coupled to a two-dimensional capillary LC system (Rheos 2000; Flux Instruments). The first-dimension column was a monolithic PS-DVB (200 μm in diameter × 10 mm long; Dionex) and the second-dimension column was a C 18 PepMap 100 (75 μm in diameter × 150 mm long × 3 μm pore size; Dionex) with gradient elution in a 0.1 % formic acid/acetonitrile system. The identification of OmC2 in tick saliva was accomplished in two steps. In the first step, the LC-MS/MS profile was obtained from a tryptic digest of recombinant OmC2. The DDA (datadependent analysis) experiment consisted of one full MS scan (at a resolution of 60 000), and three MS/MS CID (collision-induced dissociation) experiments of the most intensive ions from the full-scan spectra. In the second step, a tryptic digest of the protein fraction of tick saliva was searched for the presence of OmC2-derived peptides. This analysis was limited to the major indicative peptides detected in the first step. The applied method consisted of one full MS scan (at a resolution of 60 000), and five MS/MS CID experiments with high-resolution MS analysis of fragments in the Orbitrap (at a resolution of 7500). The following parameters were used for the MS/MS experiments: collision energy, 35 eV; isolation width, 1; activation Q, 250; and activation time, 250 ms.
Identification of the selected peptides (Supplementary Table  S1 at http://www.BiochemJ.org/bj/429/bj4290103add.htm) was confirmed by the analysis of retention time, mass accuracy and CID fragmentation spectra. The mass data were processed by Bioworks (Thermo Fisher Scientific) and Peaks (Bioinformatics Solutions) software.
Expression and purification of OmC2
OmC2 was expressed in Sf9 insect cells (Gibco) using the flashBAC TM one-step baculovirus protein expression system (Oxford Expression Technologies). Briefly, OmC2 cDNA (GenBank ® accession no. AY547735) prepared as described previously [15] was cloned into the transfer vector pBacPAK9. Primers (forward 5 -GGAGGATCCATGTCAAGTTTTAAGG-TGG-3 and reverse 5 -GGAGCGGCCGCCTAATGGTGAT-GGTGATGGTGTCCCTCACATCTGTATGACGTG-3 ) were designed to include the tick signal sequence for export from the cell and to add a C-terminal oligohistidine tag (-Gly-His 6 ) to aid purification. The NotI and BamHI restriction sites were used for cloning into the transfer vector. Metal Affinity Resin; Clontech) affinity chromatography using the manufacturer's protocol. This was followed by size-exclusion chromatography, using a Superdex TM 75 10/300 GL column (GE Healthcare) and running buffer (15 mM Hepes, pH 7.2, and 200 mM NaCl); OmC2 eluted close to the cytochrome c standard (12.4 kDa), indicating that it was monomeric. The product was concentrated with a 5 kDa cut-off ultrafiltration unit (Sartorius). Purified protein was tested for endotoxin contamination by means of Limulus Amobecyte Lysate QCL-1000 ® (Lonza) following the manufacturer's instructions. Endotoxin contamination did not exceed 0.1 EU (endotoxin units)/ml in any of the samples used for immunological assays. The purified protein was stored at − 80
Enzymatic assays
Inhibitory activity of recombinant cystatins OmC2 and sialostatin L (prepared as described in [16] ) was determined by continuous peptidase-activity assays using specific fluorigenic substrates. The cysteine peptidases tested were as follows: human cathepsins H, S and L and human legumain (Calbiochem); and papain and bovine cathepsins B and C (Sigma-Aldrich). The peptidase substrates applied were the following: N-carbobenzyloxyLeu-Arg-7-amino-4-methylcoumarin (R&D Systems) for cathepsins B and L and papain; N-carbobenzyloxy-ValVal-Arg-7-amino-4-methylcoumarin, H-Gly-Arg-7-amino-4-methylcoumarin and N-carbobenzyloxy-Ala-Ala-Asn-7-amino-4-methylcoumarin (Bachem Bioscience) for cathepsins S and C and legumain respectively; and H-Arg-7-amino-4-methylcoumarin (Calbiochem) for cathepsin H. The assay system contained 0.25 mM substrate; cysteine peptidases were applied at the following concentrations: 0.04 nM papain, 1.0 nM legumain, 0.025 nM cathepsin L, 0.05 nM cathepsin S, 0.04 nM cathepsin C, 1.5 nM cathepsin H and 1.3 nM cathepsin B. The assay buffer used was 0.1 M sodium acetate buffer, pH 5.5 (or 5.0 for legumain), 0.1 M NaCl, 1 mM EDTA, 1 mg/ml cysteine and 0.005 % Triton X-100. For aspartic and serine peptidases, these assay conditions were modified as described in [16] . Apparent inhibition constants were determined essentially as described in [16] by measuring the loss of enzymatic activity at increasing concentrations of inhibitor in the presence of a substrate in large excess. Briefly, each enzyme was pre-incubated for 10 min with the inhibitor, and subsequently the assay was initiated and developed by the addition of the corresponding substrate at 30
• C. The linear hydrolysis rate of the substrate was followed for 20 min in a Spectramax Gemini XPS 96-well plate fluorescence reader (Molecular Devices) using λ ex = 365 nm and λ em = 450 nm with a cut-off at 435 nm. All experiments were performed in triplicate. Inhibition constants were calculated by non-linear regression. For data collection, crystals were soaked gradually in reservoir solution supplemented with 10, 15 and 20 % (v/v) glycerol and flash-cooled in liquid nitrogen. Diffraction data were collected at 100 K using the X12 EMBL beamline at DESY (Deutsches Elektronen-Synchrotron), Hamburg, Germany, and processed using the HKL-2000 suite of programs [17] . Crystals exhibited the symmetry of space group P3 1 21 and contained two molecules in the asymmetric unit. Crystal parameters and data-collection statistics are given in Supplementary Table S2 at http://www.BiochemJ.org/bj/429/bj4290103add.htm.
Structure determination
The phase problem was solved by molecular replacement using the MolRep program [18] . The search model was derived from the structure of sialostatin L2 from I. scapularis (PDB code 3LH4; to be released) sharing 37 % sequence identity with OmC2. Model refinement was carried out using the program REFMAC 5.3 [19] from the CCP4 package [20] . Manual building was performed using Coot software [21] . Tight NCS (noncrystallographic symmetry) restraints were applied during initial refinement; at later stages, NCS restraints were loosened as guided by the behaviour of R free . The final refinement steps included TLS (translation/libration/screw) refinement [22] . The quality of the final models was validated with Molprobity software [23] . Final refinement statistics are given in Supplementary Table S2 .
Figures showing structural representations were prepared with the program PyMOL (DeLano Scientific; http://www.pymol.org). The DALI [24] and PISA [25] servers were used to analyse the crystal structure.
Isolation of immune cells
DCs
The spleen of a C57BL/6 mouse was dissected, minced with scissors, digested in RPMI 1640 medium containing 1 mg/ml collagenase D (Roche) at 37
• C for 30 min and passed through a 70 μm nylon cell strainer (BD Falcon). DCs were isolated using magnetic beads conjugated with anti-CD11c (N418) antibody and MACS ® Column (Miltenyi Biotec) separation following the manufacturer's instructions. The purity of isolated DCs (∼ 90 % CD11c + cells) was evaluated by flow cytometry.
CD4 + T-cells
Whole splenocytes from OT-II mice were obtained by mechanical disruption of the spleen and washed three times in RPMI 1640 medium. Thereafter, CD4 + T-cells were isolated by immunomagnetic separation using the Dynal Mouse CD4 Negative Isolation Kit (Invitrogen) following the instructions of the manufacturer. The purity of isolated CD4
+ T-cells (∼ 90 % CD4 + cells) was evaluated by flow cytometry (see below).
Quantification of cytokine production
Purified spleen DCs were cultured in 96-well plates, at a density of 10 5 cells per well, in 200 μl of culture medium [RPMI 1640 supplemented with 10 % (v/v) heat-inactivated fetal bovine serum, 50 μM 2-mercaptoethanol, 100 μg/ml penicillin and 100 units/ml streptomycin]. OmC2 was added to wells in 1-30 μg/ml final concentrations. After a 2 h incubation (37
• C, 5 % CO 2 ), DCs were activated with LPS (lipopolysaccharide) (50 ng/ml). Cell-free supernatant samples were collected 3 and 48 h later and analysed for the presence of TNFα (tumour necrosis factor α) and IL-12 (interleukin-12) respectively using Ready-SET-Go! TM ELISA kits (eBiosciences) following the manufacturer's instructions. Samples were tested in triplicate.
Antigen-specific CD4
+ T-cell proliferation DCs (3 × 10 4 /well) isolated from the spleen of C57BL/6 mouse were pre-incubated (4 h) with culture medium (see above) in the presence or absence of OmC2 (1-30 μg/ml). After the preincubation period, CD4
+ T-cells (2 × 10 5 /well) from OT-II mouse were added to the culture; thereafter, medium with or without EndoGrade TM ovalbumin (Profos AG) (10 μg/ml) was added. The culture was incubated for 72 h at 37
• C and 5 % CO 2 . Proliferation was assessed by adding Cell Counting Kit-8 reagent (Fluka) at 5 % of the incubation volume during the last 4 h of the cultivation and evaluated by reading the A 490 of the supernatant. Samples were tested in triplicate.
Flow cytometry
Samples (0.5 × 10 6 cells) were incubated with CD4-specific monoclonal antibody (conjugated with FITC) and CD11c-specific monoclonal antibody (conjugated with Alexa Fluor ® 488) for CD4 T-cells and DCs respectively. Isotype control antibodies were used for appropriate controls. All reagents were obtained from eBiosciences. Labelled cell samples were analysed on an Epics XL flow cytometer (Coulter) equipped with a 15 mW argonion laser with excitation capabilities at 488 nm using System II software (Coulter).
Vaccination with OmC2 and tick feeding success
A group of six C3H/HeN mice was vaccinated by two intraperitoneal injections of OmC2 supplemented with Freund's adjuvant (Sigma-Aldrich). Briefly, 20 μg of OmC2 was administered with complete Freund's adjuvant. The same dose of OmC2 was delivered with incomplete Freund's adjuvant 2 weeks later. Samples of blood were taken from vaccinated mice 10 days later and the presence of specific anti-OmC2 antibodies was assessed by ELISA. A control group of six C3H/HeN mice was vaccinated with ovalbumin (Sigma-Aldrich) using the same vaccination protocol. Thereafter, the ability of ticks to feed on these animals was tested. The mice were placed into small cages to reduce the possibility of movement, and a plastic tube containing six or seven O. moubata nymphs (at the first nymphal stage) was fixed to the tail of each mouse using Parafilm ® M (SigmaAldrich). Whether engorgement occurred or not was assessed after 1 h and monitored as the percentage of nymphs that were able to feed. Nymphs that fed were weighed. Survival of engorged nymphs to the next nymphal stage was assessed after 14 days.
Determination of specific anti-OmC2 antibody titre
ELISA-based systems were used to detect specific anti-OmC2 antibodies in the sera of immunized and control mice. A flatbottomed plate (Nunc) was coated with OmC2. A 100 μl volume of coating buffer containing OmC2 (10 μg/ml) was added to each well and incubated overnight at 4
• C. After washing two times with T-PBS (0.05 % Tween 20 in PBS), unoccupied sites were blocked with sample buffer [10 % (v/v) newborn bovine serum in PBS] for 30 min at 37
• C. The plate was washed three times with T-PBS and wells were incubated with serial dilutions of the sera in sample buffer (100 μl final volumes) for 1 h at 37
• C. Subsequently the plate was washed three times with T-PBS and incubated with peroxidase-labelled goat anti-mouse antibodies (SigmaAldrich) diluted 1:1000 in sample buffer (100 μl/well) for 45 min at 37
• C. After washing three times with T-PBS, an enzymatic colour reaction was generated using o-phenylenediamine (SigmaAldrich) following the manufacturer's instructions. Enzymatic reactions were stopped after 10 min by adding 50 μl of 2 M H 2 SO 4 . The A 490 was measured with an ELISA Multiskan MCC340 spectrophotometer (Labsystems). Specific anti-OmC2 antibody titres were determined as the reciprocal value of the serum dilution that gave an A 490 reading twice that of the negative control.
Statistical analysis
Differences in cytokine production and proliferation of T-cells were analysed using Student's t test. The homogeneity of variances assumption was tested by the Levene test. Results of OmC2 affected groups were compared with corresponding controls and P values of 0.05 or less were considered significant. Results of tick feeding success and survival were compared by Fisher's exact test. The link between the ability of nymphs to transform to the next stage and the anti-OmC2 antibody titre of infested mice was tested by the Spearman rank correlation (percentage data were arcsine-transformed). In addition to conventional statistical significance, the effect size was reported. The effect size measured the magnitude of a treatment effect independent of sample size. Cohen's d, which represents the difference between means divided by S.D., was used. The Cohen's d was manually computed from the t value of the t test and the r value of the Spearman rank correlation. Small, medium and large effects for d were defined as 0.2, 0.5 and 0.8 [26] . All statistical analyses were conducted using Statistica 8.0 software (StatSoft).
RESULTS
Proteomic identification of OmC2 in tick saliva
Saliva collected from O. moubata adult females was subjected to proteomic analysis to directly determine the presence or absence of OmC2. The applied LC-MS/MS strategy is based on enzymatic digestion of a complex protein mixture and MS/MS peptide sequencing (see the Experimental section). This analysis provided ∼ 53 % peptide coverage of the OmC2 sequence and a mass accuracy of <5 p.p.m. (Supplementary Table S1 ), allowing us to conclude that OmC2 is secreted in the saliva of O. moubata.
Preparation of recombinant OmC2
The complete cDNA of OmC2 (GenBank ® accession no. AY547735) contains one open reading frame coding for 129 amino acids (including a 19-residue signal sequence), followed by a 1071 bp 3 -untranslated region. OmC2 was prepared in insect cells as a recombinant protein with an oligohistidine-tag added to its C-terminus using the baculovirus expression system. Predicted pI and molecular mass values of the protein including the tag were 6.2 and 13 115 Da respectively. The protein was purified to homogeneity from the expression medium using a threestep chromatographic procedure (see the Experimental section). Purified OmC2 migrated as a single band of 13 kDa on reducing SDS/PAGE. The identity of the purified protein was confirmed by LC-MS/MS analysis (peptide coverage 100 %).
Inhibitory specificity of OmC2
The purified recombinant OmC2 was screened in vitro for its inhibitory activity against a panel of cysteine peptidases. The inhibitory profile of OmC2 is summarized in Table 1 , where it is compared with that of sialostatin L, a salivary cystatin from the hard tick I. scapularis.
In a first step, we demonstrated that both cystatins interact with peptidases of the CA but not the CD clan of the cysteine peptidase class. This was tested with papain and legumain, which are representative members of the CA and CD clan respectively and archetypes in cystatin research (Table 1 ) [27] . The activity of aspartic (cathepsin D) or serine (cathepsin G and trypsin) peptidases was not affected by either tick cystatin (results not shown).
In a second step, a set of papain-type peptidases (family C1, clan CA) of mammalian origin was screened, including: cathepsins L and S (endopeptidases), cathepsin B (a peptidyl dipeptidase and endopeptidase), cathepsin C (dipeptidyl peptidase I) and cathepsin H (an aminopeptidase). These enzymes were selected to cover a wide range of endo-and exo-peptidase cleavage specificities. OmC2 inhibited all of these peptidases, with IC 50 values ranging from approx. 0.15 to 8.9 nM. Inhibition of endopeptidase cathepsins L and S by OmC2 was similar to that of sialostatin L (subnanomolar IC 50 values), whereas OmC2 was a far more potent inhibitor than sialostatin L of the exopeptidases cathepsins B, C and H (Table 1) . Three hundred times more sialostatin L than OmC2 was needed to inhibit cathepsin C based on IC 50 values of ∼ 314 and ∼ 1.07 nM respectively. Moreover, even in high molar excess, sialostatin L did not block cathepsins B and H, whereas nanomolar IC 50 values characterized the interaction of OmC2 with these peptidases.
Three-dimensional structure of OmC2
The crystal structure of OmC2 was determined by molecular replacement using the structure of sialostatin L2 as a search model and refined using data to 2.45 Å (1 Å = 0.1 nm) resolution (Supplementary Table S2 ). The hexagonal crystal form contains two molecules in the asymmetric unit with a relatively high solvent content of 65.4 %. All protein residues could be modelled into a well-defined electron density map (Supplementary Figure S1 at http://www.BiochemJ.org/bj/429/bj4290103add.htm) with the exception of the first two N-terminal residues (Thr 1 and Ser 2 ). Owing to its inherent disorder, the C-terminal oligohistidine (Figure 2a) . The sequence alignment together with a structural comparison with known cystatin structures clearly demonstrated that OmC2 belongs to family 2 of the cystatin superfamily (Figure 2 ). The closest structural homologue of OmC2 is sialostatin L2 from the hard tick I. scapularis, the structure of which was recently determined (PDB code 3LH4; to be released): the RMSD is 1.25 Å (for 99 aligned Cα atoms), and the sequence identity is 37 %. A lower structural similarity was found to family 2 cystatins from vertebrates, namely human cystatin F (PDB code 2CH9; RMSD ∼ 2.0 Å), chicken egg-white cystatin (PDB code 1YVB; RMSD ∼ 2.6 Å), and human cystatin D (PDB code 1RN7; RMSD ∼ 2.8 Å). The sequence identity of OmC2 with representative members of this group is in the range 13-24 % (Figure 2a) , with the highest values found for salivary S-type cystatins (represented by human cystatin SN in Figure 2a) .
Interaction of the family 2 cystatins with papain-type peptidases is mediated by three regions, the N-terminal segment and two hairpin loops L1 and L2 (Figure 2a ), which form a tripartite wedge-shaped edge that binds to the enzyme active-site cleft [29] (Figure 1b) . The first part of the binding site is formed by the N-terminal segment extending to a totally conserved Gly 5 residue (Figure 2a) . The orientation of this region in OmC2 suggests conformational flexibility, as seen in vertebrate cystatins (Figure 2b ). Thus Gly 5 can function as a hinge that allows the flexible N-terminal segment to adopt a conformation that is optimal for target enzyme binding. The loop L1 of OmC2 (between β2 and β3) is quite similar in conformation to other cystatin structures and contains the conserved sequence motif Gln-Xaa-Val-Xaa-Gly (Figure 2a) . The loop L2 (between β4 and β5) is characterized in OmC2 and vertebrate cystatins by the presence of conservative Pro-Trp residues; this motif is, however, In the left-hand image, the N-terminus and L1 and L2 loops are coloured green, yellow and orange, respectively. In the right-hand image, the surface is coloured by its electrostatic potential displayed at a scale from − 2 kT (red) to + 2 kT (blue).
lacking in sialostatins, where the L2 loop is shortened by a oneresidue deletion (Figure 2a) . Furthermore, in contrast with the other cystatins depicted in Figure 2(b) , the N-terminal segment of Sialostatin L2 is tightly packed against the β-sheet and stabilized there by a net of interactions.
Several members of the cystatin family 2 are able to inhibit legumain, and the legumain-binding site was localized at critical residue Asn 31 [27] . This functional motif is absent from the OmC2 structure (Figure 2a) , which is in line with the fact that OmC2 does not suppress legumain activity (Table 1) .
Effects of OmC2 on host immune cells
OmC2 decreases levels of TNFα and IL-12 produced by LPS-activated DCs
The influence of OmC2 on cytokine production of LPSactivated DCs was tested. DCs are an important subset of immunocompetent cells that typically initiate the development of the innate and adaptive immune responses by producing cytokines and presenting foreign antigen to T-cells. LPS (a component of the outer membrane of Gram-negative bacteria) activates DCs by binding to Toll-like receptor 4 of these cells. TNFα and IL-12 are pro-inflammatory cytokines produced by DCs upon (a) Sequence alignment of OmC2 (from the soft tick O. moubata) with sialostatins (SialoL and SialoL2 from the hard tick I. scapularis), chicken egg-white cystatin (CEW) and representative human members of family 2 cystatins (cystatins SN, D, C, E/M and F). An initial alignment was made using ClustalW and then adjusted using structural alignments where available. Residues identical with those of OmC2 are shaded grey or black (fully conserved). The secondary-structure elements of OmC2 are depicted as in Figure 1 (a) (magenta for strands, cyan for helices); the L1 and L2 loops are labelled. The conserved disulfide bridges are indicated by the connecting horizontal black lines. Three conserved regions involved in the interaction with papain-type peptidases are boxed in green [32] and the putative legumain-binding site in four cystatins is highlighted in red [30] . The top line gives residue numbers for mature OmC2. Residue numbering on the right-hand side gives mature protein sequences used for the alignment (the activation processing of cystatin F is included [30] ). (b) Stereo image showing a superposition of Cα traces of OmC2 with four other cystatin structures. The tick salivary cystatins OmC2 and SialoL2 (PDB code 3LH4; to be released) are coloured magenta and orange respectively. Chicken egg-white cystatin (PDB code 1CEW) and human cystatins F (2CH9) and D (1RN7) are shown in green, grey and cyan respectively. Positions of the binding sites for papain-type peptidases and legumains are indicated.
activation by LPS [31] . The levels of these cytokines in culture supernatants were measured by capture ELISA. The presence of OmC2 (10 μg/ml) suppressed (by 20 %) the production of TNFα in the culture (P = 0.043 by t test; d = 2.9) after a 3 h incubation (Figure 3a) . Lower concentrations of OmC2 did not cause a significant reduction of TNFα. A similar suppressive effect of OmC2 was observed on the production of IL-12 (Figure 3b) . At the highest concentration tested, OmC2 (30 μg/ml) was able to partially inhibit (by 25 %) the production of this cytokine by LPSactivated DCs following a 48 h incubation period (P = 0.051 by t test; d = 2.8). OmC2 had no suppressive effect on IL-6 production by LPS-activated DCs (results not shown).
OmC2 reduces DC-mediated proliferation of naive CD4
+ T-cells
The effect of OmC2 on the development of adaptive immunity was assessed in this experiment. The antigen-dependent T-cell proliferation induced by DCs presenting a specific antigen was 
tested using CD4
+ T-lymphocytes from OT-II mice. The T-cell receptor of these transgenic mice specifically recognizes the OVA (ovalbumin peptide 323-339) presented by their DCs. DC presentation of OVA in complex with the MHC II protein leads to proliferation of the transgenic CD4 + T-cells, which was measured using a chromogenic substrate. Partial, statistically significant, inhibition of CD4 + T-cell proliferation (by 38 %) was observed in culture wells containing OmC2 (30 μg/ml) at 72 h of incubation (P = 0.03 by t test; d = 2.18). Lower concentrations of OmC2 did not cause a significant reduction in CD4 + T-cell proliferation (Figure 4 ).
OmC2 vaccination decreases tick feeding success
The effect of vaccinating mice with recombinant OmC2 on the feeding success of O. moubata ticks was assessed. The first nympal feeding stage of O. moubata and an inbred mouse strain (C3H/HeN) were used. Feeding success on OmC2 immunized and control mice was evaluated using three criteria: (i) the ability of nymphs to engorge; (ii) the weight of engorged nymphs; and (iii) the survival of engorged nymphs to the next developmental stage. Six mice were immunized with OmC2 and six mice (the control group) with ovalbumin. At 10 days after the last injection, sera No anti-OmC2 antibodies could be detected in the sera of the control mice. Subsequently, six or seven O. moubata nymphs were allowed to feed on each of these mice. The analysis of their ability to engorge showed that 62.5 % of ticks (25 out of 40 ticks) were able to feed on OmC2-immunized mice compared with 78 % of ticks (32 out of 41 ticks) fed on control mice (P = 0.149 by Fisher's exact test). Similarly, there was no significant difference in the weight of engorged nymphs (the second criterion for feeding success) fed on OmC2-immunized mice (1.7 + − 0.5 mg) or control mice (1.8 + − 0.3 mg) (P = 0.55 by t test; d = 0.24). The last criterion for assessment of feeding success was the survival of engorged nymphs to the next developmental stage. All ticks fed on control animals were able to moult to the second nymphal stage. In contrast, only 76 % of ticks fed on OmC2-immunized animals survived and successfully developed to the next stage. Thus the mortality rate in the group of ticks fed on OmC2-immunized animals (24 %) was significantly higher than in the control group (no mortality) (P = 0.005 by Fisher's exact test). The results of the vaccination experiment are summarized in Figure 5 (a). Only 47.5 % of the total ticks initially allowed to feed on OmC2-immunized animals were able to successfully reach the second nymphal stage, compared with 78 % of the ticks feeding on control animals, illustrating a significant decrease in the feeding success of OmC2-immunized animals (P = 0.006). Detailed statistical analysis of tick survival showed that the ability of nymphs to survive and develop into the next stage was negatively correlated with the anti-OmC2 titre in the blood of the host mice (n = 12, r s = − 0.66, P = 0.019 by Spearman rank correlation; d = 1.8). Ticks fed on the mouse with the highest level of anti-OmC2 antibodies (titre 512 × 10
3 ) had the highest mortality (83.3 %); only one of six engorged ticks was able to survive and transform into the next stage (16.7 % success rate) (Figure 5b ).
DISCUSSION
The present study characterizes OmC2 present in the saliva of the soft tick O. moubata as a cystatin with an unusually broad specificity. The high affinity for cysteine cathepsins with endopeptidase and exopeptidase activities clearly distinguishes the soft-tick-derived OmC2 from the hard-tickderived sialostatins, which display weak or no inhibition of these exopeptidases [12] . The highest overall similarity of OmC2, on the level of tertiary (as well as primary) structure, is to sialostatin L2. However, local structural differences occur at the N-terminus and the L2 loop, segments that determine the cystatin's affinity and selectivity [32, 33] , and these are very probably the reason OmC2 targets both endo-and exo-peptidases sialostatins preferentially target endopeptidases. Interestingly, the structures of the N-terminus and the L2 loop in OmC2 resemble the corresponding segments in vertebrate cystatins. In accordance with this, the broad specificity of OmC2 is similar to that of some vertebrate cystatins, e.g. human cystatin C (for a review, see [34] ). We hypothesize that the soft-tick-derived OmC2 mimics specific host-derived cystatin(s) to interfere with its/their in vivo functions in controlling cathepsin-mediated proteolysis.
Mammalian papain-type cathepsins play an essential role in a variety of immunological mechanisms. The biochemical properties of OmC2 that we have investigated help us to suggest aspects of the host's immune system that the inhibitor may affect.
Cathepsins S and L are critically important for the processing of antigens by antigen-presenting cells and for their presentation in complex with MHC II proteins, mechanisms that are required for the development of an adaptive immune response. In addition, these peptidases interact with the invariant chain of MHC II and are responsible for its degradation [35] . We studied the ex vivo effect of OmC2 on DCs, professional antigen-presenting cells, as they are an important resident cell type in the skin, where tick feeding takes place. The observed inhibition of antigen presentation and suppression of TNFα and IL-12 production agrees with the recent finding that sialostatin L suppresses DCs through the inhibition of cathepsin S [13] . TNFα and IL-12 are important messengers between immunocompetent cells, and reducing their production may impair a normal host immune response. Thus, by suppressing DC activation and antigen presentation, OmC2 can suppress the recognition of salivary antigens secreted into the host by O. moubata ticks. Manipulating the adaptive immunity may greatly facilitate repeated feeding by ticks and their offspring on the same host.
OmC2 was also a potent inhibitor of cathepsins B and H, which are lysosomal exopeptidases involved in intracellular protein degradation. They contribute to the variable peptide length of MHC-II-bound peptides by trimming their N-and C-termini [36] . Thus, by blocking these cathepsins, OmC2 may further suppress the recognition of tick saliva antigens. OmC2 also strongly inhibits cathepsin C (dipeptidyl peptidase I) which is a key component of innate immunity, activating serine proteases expressed by mature neutrophils [37] . Neutrophils are a major population of immunocompetent cells in blood that are part of the first line of defence in cellular immunity. By inhibiting cathepsin C, OmC2 may combat an immediate neutrophil-driven reaction against feeding ticks. It should be mentioned that cathepsin C is also involved in the activation of granzymes of cytotoxic T-lymphocytes and natural killer cells [38] . These immune mechanisms take some time to develop and soft ticks feed for a short period only. However, they may be relevant when ticks feed on a host whose immune system has been primed by the feeding of other ticks.
The vaccination experiments indicated a role of OmC2 in blood feeding, as the presence of anti-OmC2 antibodies in the blood of immunized animals reduced the tick feeding success. Interestingly, the weight of O. moubata nymphs was not lower when they were fed on immunized animals rather than on control animals. Immunization of guinea-pigs with sialostatin L2, on the other hand, not only promoted rejection of I. scapularis nymphs, but also led to a reduction in their weight [14] . This difference could be explained by a different uptake of, and exposure to, host antibodies, reflecting the specific feeding patterns of soft and hard ticks.
The principal result of our vaccination study was the finding that O. moubata nymphs feeding on the OmC2-immunized host showed significantly increased post-engorgement mortality that was linked to the amount of specific anti-OmC2 antibodies in the host serum. We previously reported that OmC2 is expressed not only in the salivary glands, but also in the gut of the ticks, where it is secreted into the lumen [15] . Ingested blood is stored in the tick gut lumen, whereas digestion takes place in the gut epithelium [39] . We speculated that OmC2 can protect the stored blood meal against undesired proteolysis by endogenous peptidases that are released upon lysis of digestive cells [15] . However, exogenous peptidases may also be present in the ingested blood (including cathepsins derived from immunocompetent cells) and could be targeted by OmC2. Anti-OmC2 antibodies in the blood of sensitized hosts may block the physiological function of OmC2 in the tick gut, thereby contributing to the observed mortality of engorged O. moubata nymphs.
Since OmC2 occurs both in the saliva and the gut of the tick, a vaccine based on this protein may have dual activity, and may therefore be more efficient. Specific anti-OmC2 antibodies could neutralize OmC2 that is secreted into the host (interfering with its immunomodulatory function) as well as OmC2 that is expressed in the gut (interfering with a putative role in the regulation of digestion). A 'dual vaccine', which recognizes both exposed and concealed antigens, has been developed on the basis of a tick cement protein. This vaccine reportedly protects the host against the transmission of tick-borne encephalitis virus from the hard tick Ixodes ricinus [40] .
In summary, the present study provides a comprehensive structure-function analysis of the salivary cystatin OmC2 from the soft tick O. moubata. This cystatin differs in its inhibitory profile and in its three-dimensional structure from the other salivary cystatins described in ticks. We demonstrate that OmC2 acts upon immunocompetent cells, and that it has potential as an anti-tick vaccine that could be used to control O. moubata populations and combat the spread of associated diseases. The data in parentheses refer to the highest-resolution shell. R merge = hkl i I i (hkl) − I(hkl) |/ hkl i I i (hkl), where the I i (hkl) is an individual intensity of the ith observation of reflection hkl and I(hkl) is the average intensity of reflection hkl with summation over all data. R value = ||F o | − |F c ||/|F o |, where F o and F c are the observed and calculated structure factors respectively. R free is equivalent to the R value but is calculated for 5 % of the reflections chosen at random and omitted from the refinement process [1] . 1 Correspondence may be addressed to either of these authors (email george@paru.cas.cz or mares@uochb.cas.cz).
The structural co-ordinates reported for salivary cystatin from Ornithodoros moubata will appear in the Protein Data Bank under accession code 3L0R.
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